and 8). We directly tested for the ATF6-activation by binding to its luminal domain and inhibiting BiP interaction in transfected HeLa cells by immunoblotits Golgi localization signals (GLSs). Loss of BiP binding ting the anti-FLAG immunoprecipitates with monoclonal during ER stress relieves the inhibition, allowing ATF6
anti-BiP antibodies. BiP was found to be associated to be transported to the Golgi. Our findings support an with full-length ATF6, ATF6(1-475), and LZIP-ATF6(LD2), autoregulatory model by which ER chaperones control but not with ATF6(1-430) or LZIP(1-280) ( Figure 1D , top). their own expression.
The expression levels of the variants were detected by immunoblotting with anti-FLAG antibodies and could Results not account for the differences in BiP interaction ( Figure  1D , bottom).
Identification of BiP as an ATF6-Interacting
BiP is known to be transiently associated with nascent Protein or immature proteins in the ER (Ellgaard et al., 1999). Since both ATF6 and SREBPs are regulated by transloHowever, ATF6 did not coimmunoprecipitate with other cation from the ER to the Golgi and utilize the same ER chaperones such as GRP94 or calnexin (Figure 1C proteases, we reasoned that there might be a SCAPand data not shown), suggesting that the BiP-ATF6 interlike molecular escort transporting ATF6 to the Golgi in action is specific and is not a result of the binding of response to ER stress. We sought to identify a SCAPchaperones to immature proteins. To preclude the poslike protein by mapping regions in ATF6 required for sibility that BiP association is a consequence of protein translocation and then identifying factor(s) bound to this overexpression, we used the highly sensitive 3xFLAG region. For convenience, we divided the luminal domain tag in our experiments and the expression levels of the of ATF6 into four segments, designated luminal domain 3xFLAG-tagged proteins were kept very low. In fact, 1 (LD1), 2, 3, and 4 ( Figure 1A ). We found that the LD2 3xFLAG-ATF6 exhibited no basal activation in unregion of ATF6 (residues 431-475) was required for the stressed cells as observed in other labs (Ye et al., 2000; translocation to the Golgi in response to ER stress inYoshida et al., 1998), and therefore is under tight reguladuced by dithiothreitol (DTT), a protein disulfide bond tion ( Figure 2D and our unpublished results). In addition, reducing agent and strong inducer of ER stress. ATF6(1-we examined the ability of ATF6 to associate with BiP 475) translocated to the Golgi upon ER stress while in an NIH3T3 cell line stably expressing moderate levels ATF6(1-430), which lacks the LD2 region, did not (Figure of HA-tagged ATF6. The activation of ATF6 was tightly 1B). In addition, the 45-residue LD2 region was sufficient controlled in this cell line (Chen et al., 2002) . Anti-HA to mediate the ER stress-dependent translocation when antibodies coimmunoprecipitated BiP from the HAfused to another ER transmembrane transcription fac-ATF6-expressing cell line and the interaction was distor, LZIP, which is otherwise insensitive to ER stress rupted by ATP incubation ( Figure 1E , left). Reciprocally, ( Figure 1B) . These results suggest that a molecular esanti-BiP antibodies coimmunoprecipitated HA-ATF6 cort might be associated with ATF6 through the LD2 from the same cells ( Figure 1E, right) . These results region.
suggest that the observed interaction between ATF6 To identify such a regulator, we transiently expressed the 3xFLAG-tagged proteins in HeLa cells, metabolically and BiP is not due to the overexpression of ATF6. 4F ). These results demonstrate that BiP suppresses the translocawould be expected to attenuate ATF6 activation. Overexpression of BiP resulted in a 2.5-to 3-fold increase tion and cleavage of ATF6 and strongly suggest that dissociation of BiP binding is required for ATF6 actiin BiP protein levels ( Figure 4A ). We estimated from immunofluorescence that the transfection efficiency vation. was about 75%, so we calculated that BiP levels were elevated an average of 4-fold in individual cells. In cells Golgi Localization Signals in the Luminal Domain of ATF6 overexpressing BiP, ATF6 was associated with a higher amount of BiP and the dissociation of BiP from ATF6 We addressed the mechanism by which BiP regulates the translocation of ATF6 to the Golgi by more precisely was delayed by at least 15 min ( Figure 4C ). We also overexpressed a BiP mutant (T37G) which bears a point identifying the domain(s) of ATF6 required for translocation. We tested a series of deletion mutants for DTTmutation in its ATPase domain. This mutation blocks both the ATPase activity and the ATP-induced conforinducible translocation to the Golgi (Figures 5A and 5B) . We previously showed that ATF6(1-475) translocated to mational change required for the rapid dissociation of BiP from its substrates (Gaut and Hendershot, 1993; the Golgi after DTT treatment ( Figure 1B) . Further deletion to amino acid 467 abolished the translocation (FigWei et al., 1995) . BiP (T37G) was expressed at a similar level as wild-type BiP (Figure 4A ), but failed to dissociate
ure 5B), suggesting that the octapeptide sequence amino acids 468-475 is required for ER stress-induced from ATF6 after DTT treatment of cells ( Figure 4C) .
Overexpression of both wild-type and mutant BiP had translocation. However, when this sequence was internally deleted from full-length ATF6, the translocation dramatic effects on ATF6 activation. We first examined their effects on the translocation of ATF6 to the Golgi. and proteolytic processing of the mutant ATF6(⌬468-475) remained intact ( Figures 5B and 5C ). This implied In control cells, ATF6 started to move to the Golgi after 15 min of DTT treatment and was almost completely that a second region of ATF6 could compensate for the loss of the octapeptide sequence. Indeed, internal translocated by 30 min (Figure 4D, top) . Overexpression of wild-type BiP delayed the translocation by 15-30 min deletion of an additional 25 residues, in ATF6(⌬468-500), abolished translocation and cleavage of ATF6 (Figures (Figure 4D, middle) , while the BiP ATPase mutant T37G almost completely abolished the translocation ( Figure  5B and 5C) . However, when the COOH-terminal part of The resulting mutant ATF6(1-500⌬431-475) was constitutively processed to the mature form even in unstressed (GLSs) is also required for transport. cells, and the amount of mature form generated was not further increased by DTT ( Figure 6D ). We therefore
Separation of BiP Binding from a GLS Results in Constitutive Activation of ATF6
refer to this mutant as ATF6 constitutively active mutant (ATF6-CAM). Next, we addressed the possibility that the Unassembled immunoglobulin (Ig) heavy chains are retained in the ER by BiP and deletion of their BiP binding constitutive processing of ATF6-CAM was due to its movement to the Golgi in unstressed cells. We found sites allows them to be secreted (Hendershot et al., 1987) . Similarly, if BiP represses ATF6 activation by inthat ATF6-CAM was distributed throughout the cell, markedly distinct from the ER localization of wild-type hibiting the GLSs and retaining ATF6 in the ER, selective deletion of BiP binding sites from ATF6 would be ex-ATF6 ( Figure 6C ). The localization pattern of ATF6-CAM could be due to the partial cleavage of ATF6-CAM at pected to result in its constitutive translocation and activation. We tested this by progressively removing all BiP S1P and S2P sites in the Golgi, allowing for the nuclear localization of the mature form of ATF6. This partial binding sites from ATF6 while retaining a GLS ( Figure  6A ). We assayed for BiP association with ATF6 mutants cleavage was seen by immunoblotting in Figure 6D . Undigested ATF6-CAM would account for the nonnuclear by coimmunoprecipitation ( Figure 6B ) and controlled for ATF6 mutant protein expression by immunoblotting of staining of ATF6-CAM if it had not yet translocated to the Golgi. To confirm that ATF6-CAM partially translotransfected cell lysates (data not shown and Figure 6D ). We found that COOH-terminal deletion to amino acid cated to the Golgi, we mutated its S1P cleavage site to block proteolytic processing. This mutant, ATF6-500 had no obvious effect on BiP binding or ATF6 translocation or cleavage, suggesting that the COOH termi-CAM(S1P Ϫ ), was predominantly localized to the Golgi in both untreated and DTT-treated cells ( Figure 6C ). This nus is dispensable for ATF6 activation (Figures 6B-6D We first examined the glycosylation pattern of ATF6 glycans, which renders it resistant to endo H digestion as well as O-glycosylation. Both modifications are for Golgi-specific modifications. We used the S1P cleavage site mutant ATF6(S1P Ϫ ) so that we would not lose known to occur predominantly in the Golgi compartment lanes 9-11), suggesting that ATF6 does not cycle Discussion through the Golgi. In contrast, unassembled T cell antigen receptor ␣ chain (TCR␣), which is retained in the Model for ATF6 Regulation by BiP A detailed mechanism for ATF6 activation by ER stress ER through retrieval, becomes resistant to endo H when treated with Baf A1 (Yamamoto et al., 2001) . is beginning to be elucidated. Our finding that the activation of ATF6 is repressed by its own target gene product Next, we used immunofluorescence to test the effect of Baf A1 on ATF6(S1P Ϫ ) localization. Baf A1 did not BiP suggests a mechanism for ATF6 to sense ER stress and reveals an autoregulatory mechanism for ER chapcause a significant accumulation of ATF6 in the Golgi (Figure 7B ), which would be observed if a protein were erone regulation. In the absence of ER stress, BiP sequesters ATF6 in the ER-localized inactive state by incycling between the ER and Golgi compartments (Yamamoto et al., 2001). Finally, Baf A1 treatment did not result hibiting its GLSs such that the transcription of ER chaperones is kept low. When misfolded proteins accuin detectable cleavage products of ATF6, which would be expected to occur if ATF6 were exposed to the Golgimulate in the ER, BiP binds to such proteins, protecting them from aggregation and assisting their folding. Our localized proteases S1P and S2P ( Figure 7D ). We controlled for the activity of Baf A1 using HA-tagged S2P. results support a model whereby this frees ATF6 from BiP binding and exposes its GLSs. Subsequently, ATF6 We found that S2P localized to the Golgi ( Figure 7C ) and that it colocalized with a Golgi marker protein ␤-1,4-is recognized by the ER-to-Golgi export machinery and is transported to the Golgi to be processed to its active galactosyltransferase (data not shown). Brefeldin A (BFA) causes the redistribution of Golgi proteins to the form by S1P and S2P. Activated ATF6 increases ER chaperone expression to combat ER stress. When the ER, and this relocation process can be blocked by the retrograde transport inhibitor Baf A1 (Palokangas et al., misfolded proteins subside and ER stress is relieved, the sequestration of newly synthesized ATF6 in the BiP-1998). We similarly found that BFA caused S2P to relocate to the ER and that this process was blocked by Baf bound inactive state is resumed and ER chaperone transcription decreases. A1 ( Figure 7C) 
